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Exogenous nitric oxide inhibits mesangial cell adhesion to extracellular
matrix components. Interactions of mesangial cells (MCs) with compo-
nents of the extracellular matrix (ECM) profoundly influence the MC
phenotype, such as attachment, contraction, migration, survival and
proliferation. Here, we investigated the effects of exogenous nitric oxide
(NO) on the process of MC adhesion to ECM molecules. Incubation of rat
MCs with the NO donor S-nitroso-N-acetylpenicillamine (SNAP) dose-
and time-dependently inhibited MC adhesion and spreading on various
ECM substrata, being more pronounced on collagen type I than on
collagen type IV, laminin or fibronectin. In contrast, SNAP did not inhibit
MC adhesion to L-polylysine-coated plates. The inhibitory effects of
SNAP were reduced by hemoglobin and enhanced by superoxide dis-
mutase. The anti-adhesive action of SNAP was mimicked not only by
other NO donors but also by 8-bromo-cGMP, and significantly reversed by
the soluble guanylate cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3,-a]qui-
noxalin-1-one (ODQ). Moreover, SNAP and 8-bromo-cGMP decreased
the adhesion-induced phosphorylation of focal adhesion kinase
(pp125FAK). In the presence of SNAP or 8-bromo-cGMP, adherent MCs
exhibited disturbed organization of a-actin filaments and reduced num-
bers of focal adhesions, as shown by immunocytochemistry. In additional
experiments with adherent MCs, it was found that exposure to SNAP or
8-bromo-cGMP for 12 and 24 hours induced detachment of MCs. The
results indicate that exogenous NO interferes with the establishment and
maintenance of MC adhesion to ECM components. This inhibitory NO
effect is mediated predominantly by cGMP-signaling. Disturbance of MC
attachment to ECM molecules could represent an important mechanism
by which NO affects MC behavior in vitro and in vivo.
Nitric oxide (NO) has been shown to regulate multiple cellular
functions, including smooth muscle cell relaxation, neurotrans-
mission, macrophage-induced cytotoxicity as well as cell prolifer-
ation and apoptosis. Many effects of NO are caused by increased
synthesis and action of the second messenger molecule, guanosine
39,59-cyclic monophosphate (cGMP), which is produced after
NO-mediated activation of soluble guanylate cyclase [1–4].
Recent studies have provided evidence that NO can also
interfere with cellular adhesion events. Nitric oxide was shown to
inhibit intercellular platelet adhesion and aggregation [5]. In
addition, NO can reduce intercellular inflammatory cell adhesion
to endothelial cells by modulating expression of adhesion mole-
cules [6, 7]. Moreover, exposure of cultured chondrocytes to NO
inhibited attachment to fibronectin and disrupted assembly of
actin filaments [8], indicating that NO can also influence cell-
extracellular matrix (ECM) interactions that are known to be
relevant in tissue injury, inflammation and repair.
Mesangial cells express the inducible NO synthase (iNOS) and
release large amounts of NO after exposure to inflammatory
cytokines in vitro and possibly in vivo [2, 9]. Under physiological
conditions NO, released at low concentrations from glomerular
endothelial cells [10] together with other vasoactive factors, is
thought to take part in the regulation of glomerular blood flow,
hydrostatic pressure, and ultrafiltration by way of modulating MC
contraction. In inflammatory glomerular disease, large amounts of
NO released from infiltrating macrophages and activated MCs
have been suggested to contribute to the glomerular damage and
the progression of disease in both experimental and human forms
of glomerulonephritis [11–13]. Indeed, in an experimental rat
model of immune-mediated glomerulonephritis (anti-Thy1.1 ne-
phritis), NO has been implied to contribute to the observed loss of
MCs, which may be due to MC detachment and/or cytotoxicity
leading to so-called mesangiolysis. This process occurs very early
in the disease [12]. Conceivably, NO causes the observed MC
changes by interfering with the MC anchorage to the glomerular
ECM.
Cell adhesion to ECM molecules is mediated by special cell
surface receptors and occurs in a continuum of three stages,
namely, attachment, spreading and focal adhesion formation
[14–17]. Focal adhesions or focal contacts not only act as struc-
tural links between the ECM and the cytoskeleton but also as sites
where binding of ECM molecules to specific receptors initiates
signal transduction [16, 17]. Several proteins present in focal
adhesions have been shown to undergo tyrosine phosphorylation
in response to integrin-mediated cell adhesion [18–20]. One of
the involved proteins is the focal adhesion kinase (pp125FAK), a
125 kDa cytoplasmic tyrosine kinase, which has the potential to
phosphorylate other structural components of focal adhesions,
such as paxillin and tensin [21]. While the downstream events of
this signal transduction pathway are not completely clear, it is
known that protein phosphorylation induced by cell-ECM inter-
action can affect gene expression and the cellular phenotype [16,
17, 22].
Mesangial cells are non-polarized, anchorage-dependent mes-
enchymal cells. Adhesion of MCs to the glomerular ECM, that is,
the glomerular basement membrane and mesangial matrix, is a
prerequisite for important cellular functions, such as survival,
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contraction or proliferation [14–16]. Here, we examined whether
exogenous NO interferes with the establishment and maintenance
of MC adhesion to various ECM proteins in culture. Further, we
explored molecular mechanisms by which NO affects MC adhe-
sion to ECM molecules.
METHODS
Reagents
S-nitroso-N-acetyl-penicillamine (SNAP), sodium nitroprusside
(SNP), 3-morpholinosydnonimine (SIN-1), 8-bromoguanosine
39,59-cyclic monophosphate (8-bromo-cGMP), p-nitrophenol-N-
acetyl-b-D-glucosamide, superoxide dismutase (SOD), hemoglo-
bin, type IV collagen, bovine serum albumin (BSA), HEPES and
rabbit anti-mouse indocarbocyanine (Cy3)-conjugated antibody
were purchased from Sigma Chemical Co. (St. Louis. MO, USA).
S-Nitrosoglutathione (GSNO) was a gift from Dr. B. Bru¨ne
(Erlangen, Germany). 1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-
one (ODQ) was purchased from Alexis Co. (San Diego, CA,
USA). Laminin from the Engelbreth Holm Swarm (EHS) tumor
and human serum fibronectin were from Boehringer-Mannheim
(Mannheim, Germany). Purified type I collagen was isolated from
fetal calf skin, as described [23]. Rabbit polyclonal antibodies
against focal adhesion kinase (FAK) and phosphotyrosine were
purchased from UBI (New York, NY, USA). Monoclonal anti-
paxillin antibodies were obtained from Transduction Laboratory
(Lexington, KY, USA). Monoclonal antibodies against smooth
muscle a-actin were from Dako Diagnostika, GmbH (Hamburg,
Germany). Goat anti-rabbit IgG antibodies conjugated to horse-
radish peroxidase were obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA). The enhanced chemiluminescence
(ECL) system was purchased from Amersham (Buckinghamshire,
UK). Tissue culture plastic was from Falcon (Becton-Dickenson,
Heidelberg, Germany), cell culture media and fetal calf serum
(FCS) were from Gibco-BRL (Eggenstein, Germany).
Rat mesangial cell culture
Mesangial cell isolation and culture was performed as described
previously [24]. In brief, the kidney cortices of male Sprague-
Dawley rats (200 g) were homogenized under sterile conditions
and passed over three sieves with pore sizes of 180, 125 and 75 mM.
Glomeruli, collected on the 75 mM sieve, were seeded in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 10% fetal calf
serum (FCS), insulin (5 mg/ml), penicillin (100 U/ml) and strep-
tomycin (100 U/ml). After 3 to 4 passages in DMEM containing
10% fetal calf serum (FCS), pure MC populations were obtained.
Mesangial cells were characterized by the following criteria:
positive immunocytochemical staining with antibodies against
Thy-1.1 (Dako Diagnostika GmbH, Hamburg, Germany) and
smooth muscle a-actin. Absence of MC staining was documented
for the following antigens: factor VIII (Dako), pp44 (antibody
kindly donated by Dr. Wilhelm Kriz, Heidelberg, Germany),
cytokeratins 5 and 8 (Progen Biotechnik GmbH, Heidelberg,
Germany), ED-1 (Serotec Ltd., Kidlington, UK). Mesangial cells
were used for experiments at passages 5 to 20. The results
described were independent from the passage number. Lactate
dehydrogenase (LDH) release was determined using a protocol
described previously [25]. The percentage of LDH released by
MCs was defined as the ratio of LDH activity in the cell
supernatant to the sum of the LDH amount released plus the
activity in the MC lysate.
Cell adhesion assay
The MC adhesion assay was performed as described before
[24]. In brief, MCs in the exponential growth phase were washed
with phosphate buffered saline (PBS), harvested by trypsinization
(0.025% trypsin/10 mM EDTA, 5 min), centrifuged (600 g, 5 min)
after addition of 10% FCS-DMEM and washed twice in assay
buffer (DMEM, 0.5% BSA, 20 mM HEPES, pH 7.4). After
resuspension in assay buffer, MCs were seeded onto 96-well plates
(5 3 104 cells/well) coated with the ECM proteins. In order to
coat the plates or dishes, ECM proteins (in PBS) were incubated
for one hour at 37°C, followed by blocking with 2% heat-treated
BSA in PBS at 37°C one hour to prevent non-specific adhesion.
Unless otherwise stated, suspended MCs were pretreated with
NO donors or 8-bromo-cGMP for 15 minutes before the 60
minute assay was started. After the indicated incubation period,
non-adherent cells were washed off in a standardized fashion with
a 96-well plate washer (Titertec; ICN, UK), allowing highly
reproducible determination of the percentage of adherent cells.
Numbers of adherent cells were determined by measuring the
activity of the lysosomal enzyme hexosaminidase, as described
[24]. As a substrate, 15 mM p-nitrophenol-N-acetyl-b-D-glucos-
amide in 0.1 M sodium citrate buffer, pH 5.0, 0.5% Triton X-100,
was added, and the plates were incubated at 37°C. The reaction
was stopped by addition of 10 mM EDTA in 0.2 M NaOH. The
yellow color reactive product was measured in a Dynatech MR
5000 plate reader (Dynatech, Chantilly, VA, USA) at 405 nm.
Values for adherent cells were compared to a standard curve,
prepared from the MC suspension used for plating. Analysis of
serial dilutions of MCs in suspension confirmed that all absor-
bance values were directly proportional to cell number. Nitric
oxide donors and 8-bromo-cGMP themselves had no direct effects
on enzyme activity or absorbance.
Assay of cell detachment
Mesangial cells in the exponential growth phase were washed
with phosphate buffered saline (PBS), harvested by trypsinization
(0,025% trypsin/10 mM EDTA, 5 min), centrifuged (600 g, 5 min)
and carefully adjusted to 5 3 104 MCs/ml in 10% FCS-DMEM.
Five 3 104 MCs were seeded into 24 well culture plates coated
with type I collagen in 1 ml volume per well and allowed to grow
until confluence, which was uniform in all examined wells. For
assaying cell detachment, confluent MCs were washed twice with
PBS and kept in serum-free DMEM with or without addition of
experimental agents. After incubation for 3, 6, 12 and 24 hours,
the non-adherent MCs in the culture medium were collected and
counted in a Coulter counter (Coulter Electronics, Krefeld,
Germany).
Assessment of mesangial cell spreading
Mesangial cells were harvested and adjusted to 105 cells/ml in
assay buffer as described above; 106 MCs, either pretreated for 15
minutes with SNAP or 8-bromo-cGMP or untreated, were plated
onto 10 cm type I collagen-coated dishes (10 mg/ml) and allowed
to adhere for one hour. Mesangial cells were photographed using
phase contrast microscopy, and the extent of cell-spreading was
assessed in a blinded fashion using the method described by
Richardson and Parsons [26]. Unspread MCs were defined as
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round, phase-bright cells; spread MCs were defined as stellate-
shaped cells with extended cytoplasmic processes, lacking a round
shape and not phase-bright. For each dish, a total of 200 cells was
characterized and counted and percentages of spread MCs were
calculated. The results in the text are mean 6 SD of four wells in
one experiment that was representative of three separate experi-
ments.
Immunocytochemistry
Immunocytochemical staining for focal contact components
and smooth muscle a-actin was performed as described previously
[24]. Glass 8-well chamber slides (Nunc, Naperville, IL, USA)
were coated with specified ECM proteins (80 mg/ml, 1 hr, 37°C)
and blocked with 2% denatured BSA. After washing with PBS,
MCs (40,000 cells/well) were seeded in assay buffer in the
presence or absence of SNAP or 8-bromo-cGMP. After a three-
hour incubation period, buffer was removed, adherent cells were
rinsed in PBS and fixed in paraformaldehyde (3%, 20 min 4°C).
Free aldehyde groups were blocked with ammonium chloride (50
mM in PBS, 20 min, 4°C) and non-specific binding was blocked by
FCS (20 min, 20°C). Slides were incubated overnight with the
respective primary antibodies (diluted in 1% FCS in PBS, 4°C).
After washing with PBS, the second layer antibody (diluted in 1%
FCS in PBS, 20°C) was added for two hours. After washing, the
slides were covered with Tris-buffered moviol, pH 8.6 (Hoechst,
Frankfurt, Germany). Microscopy was performed using a Leitz
Aristoplan microscope with a 570 nm emission filter. Mesangial
cells were photographed using Kodak T-MAX (3200 ASA) film
(Eastman-Kodak, Rochester, NY, USA). Controls with inappro-
priate second or primary antibodies did not exhibit significant
unspecific immunostaining.
Immunoprecipitation and immunoblotting
Ten centimeter culture dishes were coated with 10 ml of 20
mg/ml type I collagen using the same procedure as described for
the adhesion assay. Mesangial cells were plated at 107 cells/culture
dish in adhesion assay buffer. After a 60 minute incubation at
37°C, nonadherent cells were aspirated and culture dishes were
washed three times with cold PBS. The adherent cells were lysed
with 500 ml RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 1% Triton X-100, 1% deoxycholate, 0.1% SDS) containing
25 mg/ml aprotinin, 2 mM sodium orthovanadate, 25 mg/ml
leupeptin, 2 mM phenylmethylsulfonyl fluoride and 50 mM sodium
fluoride for 30 minutes on ice. Lysates were clarified by centrifu-
gation at 13,000 rpm for 25 minutes at 4°C and protein concen-
trations were determined using the Biorad protein assay kit
(Bio-Rad Laboratories GmbH, Mu¨nchen, Germany). Lysates
were adjusted to equal protein concentrations and volumes and
pre-cleared for two hours at 4°C by incubating end-over-end with
protein G-Sepharose beads (Pharmacia, Freiburg i. Br., Ger-
many) and 10 mg/ml of rabbit IgG (R&D Laboratory, Minneap-
olis, MN, USA). The beads were sedimented by brief centrifuga-
tion, and immunoprecipations were performed by incubating the
pre-cleared lysates with end-over-end mixing with the designated
antibodies (4 mg/ml) together with protein G-sepharose for four
hours at 4°C. The beads were washed four times with ice-cold
Fig. 1. Effects of different nitric oxide (NO) donors on mesangial cell
(MC) adhesion to type I collagen. Plates were coated with 10 mg/ml type
I collagen and blocked with bovine serum albumin (BSA). Five 3 104 MCs
were seeded into each well after 15 minutes preincubation with the
indicated concentrations of NO donors in assay buffer and allowed to
adhere in their presence for one hour. After washing, the number of
adherent MCs was determined photometrically by measuring the activity
of the hexosaminidase and compared to the number of cells used for
seeding. Results are means 6 SD of three wells in one experiment
(representative of 3 separate experiments). Symbols are: (E) SNAP; (M)
SNP; () GSNO; (F) SIN; abbreviations are in the Appendix.
Fig. 2. Time course of inhibitory S-nitroso-N-acetylpenicillamine
(SNAP) effects on mesangial cell (MC) adhesion to type I collagen. Plates
were coated with 10 mg/ml type I collagen. MCs were either treated with
indicated concentrations of SNAP or left as untreated controls and
allowed to adhere for different time periods. Results are means 6 SD of
three wells in one experiment (representative of three separate experi-
ments). Symbols are: (E) control; (f) SNAP 10 mM; (F) SNAP 100 mM.
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RIPA lysis buffer, then twice with the same buffer containing 500
mM NaCl. Immunoprecipitates were boiled in reducing SDS
sample buffer for five minutes and applied to the SDS gel. Equal
amounts of immunoprecipitates were resolved in 7.5% SDS-
polyacrylamide gels and electrophoretically transferred to nitro-
cellulose filters. Filters were blocked with 5% BSA in PBS—
0.05% Tween 20, pH 7.4 overnight at 4°C. After washing with
PBS—0.05% Tween 20, filters were incubated with anti-phospho-
tyrosine antibody (1 mg/ml) at room temperature for one hour.
After extensive washing at 37°C with three changes of PBS—
0.05% Tween 20, filters were incubated for one hour with
horseradish peroxidase-conjugated sheep anti-rabbit IgG at a
1:2000 dilution in blocking buffer. After washing, immunoreactiv-
ity was detected by using the enhanced chemiluminescence (ECL)
system (Amersham). To assess the amount of FAK protein
loaded, filters were then stripped with 2% SDS, 100 mM b-
mercaptoethanol in 62.5 mM Tris-HCl, pH 6.8, for 30 minutes at
70°C, and reprobed for pp125FAK, as described above.
Statistical analysis
Each experimental condition was performed in triplicate and
each experiment was repeated for a minimum of three times.
Statistical analyses were performed by unpaired, two-tailed Stu-
dent’s t-test. Data are presented as mean 6 SD. P values of , 0.05
were considered as statistically significant.
RESULTS
Nitric oxide donors inhibit mesangial cell adhesion to
extracellular matrix components
Exposure of MCs to four structurally unrelated NO donors,
SNAP, SNP, SIN-1 or GSNO resulted in dose-dependent inhibi-
tion of MC adhesion to type I collagen (Fig. 1). Significant
inhibition was observed for NO donor concentrations as low as 1
to 10 mM. Most of the subsequent experiments were performed
with the NO donor SNAP. S-nitroso-N-acetyl-penicillamine
(SNAP) showed potent inhibitory effects on MC adhesion and has
been previously reported as a stable NO donor of low cytotoxicity
[4, 27, 28]. A time course analysis revealed that the inhibitory
effect of SNAP on MC attachment to type I collagen was
noticeable as early as five minutes (P , 0.05 vs. control) and
persisted during the four-hour observation period (Fig. 2).
As MC adhesion to ECM constituents might depend on their
coating concentrations, we examined the influence of various type
I collagen-coating concentrations on the anti-adhesive effects of
SNAP. As shown in Figure 3, significant inhibition of MC
adhesion to type I collagen was observed with all employed
coating concentrations (2.5 to 40 mg/ml). Since the difference
between SNAP-treated and untreated MCs was most obvious at
lower concentrations of type I collagen, most of the following
experiments were performed with 10 mg/ml type I collagen-
coating concentration.
To examine whether the anti-adhesive properties of NO donors
were dependent on specific integrin-ECM interactions, we com-
pared the effects of SNAP on MC adhesion to type IV collagen,
laminin, and fibronectin, with the non-integrin-mediated MC
adhesion to L-polylysine. As illustrated in Figure 4, SNAP exerted
inhibitory effects on MC attachment to fibronectin, laminin and
type IV collagen when used at lower coating concentrations. At
higher ECM-coating concentrations, anti-adhesive NO effects
became insignificant. Mesangial cell adhesion to coated L-polyly-
sine occurred very effectively even at low coating concentrations
and was not inhibited by SNAP.
Trypan blue exclusion tests for viability were carried out for
MCs treated with NO donors in parallel to the adhesion assays.
Compared with untreated control MCs, there was no loss of cell
viability of MCs treated with any of the used NO donors at
concentrations up to 100 mM for 12 hours. Under these conditions,
less than 1% of MCs exhibited positive trypan blue staining (data
not shown). In addition, measurement of LDH release showed no
significant increase of MC lysis after a 12-hour incubation period:
untreated control MCs, 2.19 6 0.41%; 100 mg SNAP, 2.47 6
0.32%; 100 mg 8-bromo-cGMP, 2.81 6 0.43% (mean 6 SD, N 5
3).
To study whether the action of SNAP was mediated by NO and
not by other SNAP metabolites, the effects of SNAP on MC
adhesion to type I collagen were studied in the presence or
absence of hemoglobin or superoxide dismutase (SOD) (Fig. 5).
Hemoglobin completely reversed the inhibitory effects of 1 and 10
mM SNAP and partially reversed effects of 100 mM SNAP. In
contrast, SOD further enhanced anti-adhesive effects of SNAP.
Mesangial cell adhesion to type I collagen was unaffected by
hemoglobin or SOD when employed without SNAP.
The inhibitory effect of NO on MC adhesion was not the result
of removal or modification of coated ECM proteins by NO or
other SNAP metabolites. This was shown by the observation that
pretreatment of coated type I collagen (10 mg/ml) with 100 mM
SNAP for one hour with subsequent washing did not influence
MC adhesion. The percentage of MC adhesion to type I collagen
Fig. 3. Effects of S-nitroso-N-acetylpenicillamine (SNAP) on mesangial
cell (MC) adhesion to various coating concentrations of type I collagen.
Plates were coated with the indicated concentrations of type I collagen.
MCs either treated with 100 mM SNAP or untreated controls were allowed
to adhere for one hour. MC adhesion was assayed as described in the
Methods section. Results are means 6 SD of three wells in one experiment
(representative of three separate experiments). *P , 0.01 versus control.
Symbols are: (u) control; (f) SNAP 100 mM.
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pretreated with SNAP (100 mM) was 80.91 6 2.48%, while the
control without pretreatment was 81.96 6 2.86% (mean 6 SD,
N 5 3). These data indicate that NO exerts its anti-adhesive
effects by influencing the ability of MCs to interact with ECM
molecules rather than by causing removal or chemical alteration
of the coated ECM proteins.
Involvement of cGMP-signaling in the anti-adhesive effects of
nitric oxide
Since cGMP is an intracellular mediator of vasodilatory, anti-
mitogenic and anti-migratory effects of NO [4, 27, 29], we
examined the role of the cGMP-signaling pathway in the anti-
adhesive action of NO. First, we tested whether a stable, lipophilic
analog of cGMP, 8-bromo-cGMP, could mimic the anti-adhesive
effects of NO. As shown in Figure 6, 8-bromo-cGMP inhibited
MC adhesion to type I collagen in a rapid and dose-dependent
manner. Second, we examined whether an inhibitor of the soluble
guanylate cyclase, ODQ [29], diminishes NO-dependent anti-
adhesiveness. Data in Figure 7 demonstrate that the inhibitory
NO effect on MC adhesion was markedly reduced by pretreat-
ment of MCs with 10 mM ODQ. Indeed, ODQ completely
prevented the inhibition of MC adhesion induced by lower SNAP
concentrations (1 and 10 mM) and partly reversed these effects at
higher SNAP concentrations (P , 0.05). Used at a concentration
of 10 mM, ODQ alone did not significantly influence MC attach-
ment.
Inhibition of mesangial cell spreading by nitric oxide and 8-
bromo-cGMP
Phase contrast microscopy revealed that SNAP and 8-bromo-
cGMP inhibit MC spreading on type I collagen-coated dishes
(Fig. 8). In the presence of 100 mM SNAP or 8-bromo-cGMP, MC
spreading was clearly less prevalent than in controls. Counts of
spread versus unspread MCs from phase contrast photomicro-
graphs from one out of three representative experiments revealed
the following percentages of spread cells: control, 77 6 1.5%;
SNAP (100 mM), 28 6 6.8%; 8-bromo-cGMP (100 mM), 18 6 2.0%
(mean 6 SD, N 5 4).
Effects of nitric oxide and 8-bromo-cGMP on tyrosine
phosphorylation of pp125FAK
The above findings indicated that NO interferes with initial
events of MC matrix interactions. Following integrin receptor
occupancy and cell spreading on ECM molecules, pp125FAK is
activated and undergoes phosphorylation of tyrosine residues [18,
20]. We studied the influence of NO and 8-bromo-cGMP on
pp125FAK tyrosine phosphorylation during MC adhesion to type I
collagen. For this purpose, protein extracts of adherent MCs were
immunoprecipitated with an anti-pp125FAK antibody and
screened with an anti-phosphotyrosine antibody after gel electro-
phoresis and blotting. The results illustrated in Figure 9A indicate
that pp125FAK is tyrosine-phosphorylated in MCs adherent to
Fig. 4. Effects of S-nitroso-N-acetylpenicil-
lamine (SNAP) on mesangial cell (MC)
adhesion to type IV collagen, laminin,
fibronectin or L-polylysine. Plates were coated
with the indicated concentrations of different
extracellular matrix (ECM) proteins. SNAP-
treated or untreated cells were seeded and
allowed to adhere for one hour. Results are
means 6 SD of three wells in one experiment
(representative of three separate experiments).
*P , 0.01 versus control; #P , 0.05 versus
control. Symbols are: (M) control; (f) SNAP
100 mM.
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type I collagen (20 mg/ml; lane 1). The extent of tyrosine
phosphorylation was markedly decreased in MCs treated with 100
mM SNAP (lane 2) or 8-bromo-cGMP (lane 3) for 60 minutes. No
phosphorylation of pp125FAK was observed in MCs that had been
kept in suspension (lane 4). The amount of pp125FAK present in
each lane was monitored by stripping the anti-phosphotyrosine
antibody from the blot and reprobing it with the anti-pp125FAK
antibody. The results shown in Figure 9B demonstrate that the
amount of pp125FAK protein was equal in lanes 1 to 4. Thus,
neither SNAP nor 8-bromo-cGMP diminished pp 125FAK protein
expression during the incubation period.
Effects of nitric oxide and 8-bromo-cGMP on mesangial cell
cytoskeletal organization and focal adhesion formation
The findings of NO-mediated inhibition of MC adhesion,
spreading and pp125FAK phosphorylation led us to further assess
the effects of NO and cGMP on the organization of a-actin fibers
and the formation of focal adhesions. Mesangial cells were
allowed to adhere to type I collagen for three hours in the
presence or absence of the NO donor SNAP (100 mM) or
8-bromo-cGMP (100 mM). Figure 10 illustrates immunofluores-
cence staining for a-actin filaments (panels A, B and C). In the
presence of SNAP (Fig. 10B) or 8-bromo-cGMP (Fig. 10C), the
proportion of attached and spread MCs was clearly reduced and
most of the attached MCs exhibited clearly less well-organized
actin filaments and stress fibers as compared to control MCs (Fig.
10A). Immunostaining for paxillin (Fig. 10 D, E and F), an
intracellular component and marker for the assembly of focal
adhesions, revealed that the number of focal adhesions of spread
MCs was reduced in the presence of SNAP or 8-bromo-cGMP.
Here, rounded, unspread and partially spread MCs had diffuse,
dense paxillin staining with no recognizable organization of
paxillin into focal adhesions. Similar, albeit less pronounced,
effects of SNAP and 8-bromo-cGMP on the organization of stress
fibers and focal adhesions were observed in MCs adherent to
fibronectin, laminin and type IV collagen (data not shown).
Exogenous nitric oxide causes mesangial cell detachment
We asked whether exogenous NO can also interfere with
established MC-ECM adhesion. Confluent MCs were incubated
in serum-free DMEM with the NO donor SNAP (100 mM) or
8-bromo-cGMP (100 mM). After exposure to these agents for the
indicated time periods, non-adherent MCs in the culture medium
were collected and counted (Fig. 11). Serum withdrawal by itself
caused gradual rise of the number of detached untreated control
MCs. In the presence of SNAP or 8-bromo-cGMP, the numbers
of detached MCs markedly increased and were significantly higher
compared to untreated control MCs at 12 and 24 hours. The
action of SNAP (100 mM) was due to released NO because in the
presence of the NO scavenger hemoglobin (75 mM), the number of
detached MCs induced by SNAP significantly decreased (data not
shown).
Fig. 5. Effects of S-nitroso-N-acetylpenicillamine (SNAP) on mesangial
cell (MC) adhesion in the presence or absence of hemoglobin (Hb) or
superoxide dismutase (SOD). MCs were treated with the indicated
concentrations of SNAP with or without hemoglobin (100 mM) or super-
oxide dismutase (50 U/ml) and allowed to adhere to coated type I collagen
(10 mg/ml) for one hour at 37°C. Cell adhesion was analyzed as described
in the Methods section. Results were means 6 SD of three wells in one
experiment (representative of three separate experiments). *Inhibition of
MC adhesion by SNAP versus control (P , 0.05); #Effects of hemoglobin
or superoxide dismutase on SNAP-induced inhibition of MC adhesion
(P , 0.05). Symbols are: (f) without Hb or SOD; (e) 1 Hb 100 mM; u 1
SOD 50 U/ml.
Fig. 6. Time and dose-dependent inhibitory effects of 8-bromo-cGMP on
mesangial cell (MC) adhesion to type I collagen. Culture plates were
coated with 10 mg/ml type I collagen. MCs were either incubated with the
indicated concentrations of 8-bromo-cGMP for 15 minutes or left as
untreated controls, seeded and allowed to adhere for different time
periods. MC adhesion was measured as described in Methods section.
Results are means 6 SD of three wells in one experiment (representative
of three separate experiments). Symbols are: (E) control; () 8 Br-cGMP
1 mM; (f) 8 Br-cGMP 10 mM; (F) 8 Br-cGMP 100 mM.
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DISCUSSION
Nitric oxide exerts multiple effects on phenotype and integrity
of many cell types, including MCs [3, 4, 27, 30]. Nitric oxide has
also been demonstrated to interfere with cellular adhesion events,
such as with the intercellular adhesion of platelets and leukocytes
to endothelial cells [5–7] and the attachment of cultured chon-
drocytes to fibronectin [8]. In the present study, we tested the
hypothesis that NO impairs the ability of MCs to adhere to
distinct ECM proteins in culture.
The results of our experiments demonstrate that four chemi-
cally dissimilar agents, which share the ability to generate NO,
inhibit the process of de novo MC adhesion to ECM molecules.
Anti-adhesive effects of the NO donors were dose-dependent and
became apparent in the early phase of MC attachment. The
inhibitory action of SNAP was reduced in the presence of the NO
scavenger hemoglobin [31] and potentiated by superoxide dis-
mutase [27, 32], which prevents the inactivation of NO by oxygen
radicals. These data support the conclusion that the inhibition of
de novo adhesion of MCs to ECM components was indeed due to
NO generation. The ineffectiveness of hemoglobin to completely
counteract the inhibition induced by higher concentrations of
SNAP is most likely due to the large amounts of NO produced
under these conditions, exceeding the capacity of available hemo-
globin to bind and inactivate NO.
The results further indicate that anti-adhesive effects of NO
involve the generation and action of cGMP. This is supported by
the following observations: (1) A stable analog of cGMP, 8-
bromo-cGMP, mimicked the ability of NO to inhibit MC adhe-
sion, spreading, pp125FAK tyrosine phosphorylation, as well as to
disturb a-actin organization. (2) The anti-adhesive effects of
SNAP were significantly reversed by the soluble guanylate cyclase
inhibitor ODQ. The cGMP-dependent component of the anti-
adhesive action of NO resembles the vasodilatory, anti-mitogenic
and anti-migratory effects of NO on MCs and other cell types [4,
27, 29]. It is presently unclear whether the incomplete reversal of
anti-adhesive NO effects by ODQ at high SNAP concentrations is
due to insufficient blockade of NO-activated soluble guanylate
cyclase or due to other mechanisms. It has been reported that the
effect of ODQ on cGMP generation in platelets and vascular
tissue can be overcome by excess SNAP used at 100 mM concen-
tration [29]. However, cGMP-independent mechanisms cannot be
excluded to contribute to the anti-adhesive effects of NO at higher
concentrations. Indeed, protein kinase C, an important partici-
pant in processes regulating cell attachment, spreading and
pp125FAK phosphorylation [33], is known to be inactivated by NO
[34]. Also, NO-induced formation of cAMP [35] may contribute to
decreased MC adhesion, disturb focal contact formation and
downregulate pp125FAK phosphorylation [36, 37].
Conceivably, the anti-adhesiveness of NO-generating agents
and 8-bromo-cGMP might be due to toxic effects including cell
lysis or apoptosis caused by one or several of their metabolites,
including NO itself. Several observations, however, make this
explanation unlikely. SNAP and 8-bromo-cGMP (100 mM) did not
impair cell viability by evaluation of trypan blue exclusion and did
not cause significant MC lysis as shown by LDH release assay. In
addition, SNAP and 8-bromo-cGMP did not inhibit MC adhesion
to fibronectin at higher coating concentrations and had virtually
no effect on MC attachment to L-polylysine. Also, the employed
dosages of SNAP (1 to 200 mM) and 8-bromo-cGMP (1 to 100 mM)
were relatively low as compared with those used by others (up to
1 mM) testing antimitogenic or apoptosis-inducing effects of NO
donors on cultured cells [3, 4, 30].
The observation that SNAP as well as 8-bromo-cGMP (data not
shown) inhibited MC adhesion to collagens, fibronectin and
laminin but not to L-polylysine suggested that NO and cGMP
interfere with ECM receptor-dependent cell-matrix interactions.
However, we observed that the NO-induced inhibition of MC
adhesion was diminished at higher coating concentrations of the
employed ECM molecules. Possibly, in ECM ligand excess, MC
binding to ECM receptors, such as b1 integrins, is more prevalent
and/or stable and less inhibitable by NO and cGMP. It has been
shown that cell adhesion to ECM can be modulated by altering
either the abundance or affinity of integrins expressed on the cell
surface [16, 17]. In view of the rapid NO effect on the early events
of MC adhesion, changes of integrin affinity seem more likely than
altered MC expression and abundance of integrins. This interpre-
tation is consistent with data demonstrating inhibitory effects of
NO on platelet aggregation, which have been observed to depend
on integrin affinity modulation [5, 16]. However, NO can also
influence cell surface expression of adhesion molecules. Recent
studies investigating cell-cell adhesion have demonstrated that the
inducible expression of VCAM-1, E-selectin and ICAM-1 in
endothelial cells and of ICAM-1 in MCs can be inhibited by NO
via cGMP-independent mechanisms [6, 38]. It is presently unclear
why the strongest inhibitory effect of NO was observed for MC
adhesion to collagen type I. Involvement of different integrin
Fig. 7. Effects of S-nitroso-N-acetylpenicillamine (SNAP) on mesangial
cell (MC) adhesion to type I collagen in the presence (u) or absence (f)of
1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one (ODQ). Plates were coated
with 10 mg/ml type I collagen. MCs were preincubated with either 10 nM
ODQ or control buffer for one hour before exposure to the indicated
concentrations of SNAP and allowed to adhere for one hour. MC
adhesion was determined as described in the Methods section. Results are
means 6 SD of three wells in one experiment (representative of 3 separate
experiment). *Inhibition of MC adhesion by SNAP versus control (P ,
0.01); #Effect of ODQ on SNAP-induced inhibition of MC adhesion (P ,
0.05).
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chains or other ECM receptors of variable sensitivity to NO may
play a role. Also, NO could affect the affinity of different
receptors in a non-uniform manner.
Cell adhesion to ECM is accompanied and followed by an array
of intracellular signals [16, 17, 22]. One of the key events of
integrin-mediated signaling is the tyrosine phosphorylation of
intracellular substrates, including pp125FAK, paxillin and tensin.
Upon attachment of cells to ECM molecules or subsequent to
integrin clustering achieved by antibodies, these proteins are
localized to focal contacts and are rapidly phosphorylated and
activated [18–21]. A role for pp125FAK in the assembly of focal
adhesions and cell spreading is supported by the finding that the
tyrosine kinase inhibitor herbimycin A reduces pp125FAK tyrosine
phosphorylation as well as formation of focal adhesions and stress
fibers in fibroblasts [20]. Several authors found that phosphoryla-
tion of pp125FAK is maximal prior to cell spreading, suggesting
that activation of pp125FAK may be necessary for spreading and
focal adhesion formation to take place [18, 39]. Our findings are
consistent with the interpretation that NO-induced, cGMP-de-
pendent interference with tyrosine phosphorylation and activation
of pp125FAK may cause the observed changes of cell spreading
and a-actin disorganization. However, activation of pp125FAK
might also be impaired subsequent to NO-induced disorganiza-
tion of the actin cytoskeleton. This alternative is supported by a
study which showed that cytochalasin D treatment blocked inte-
grin-mediated tyrosine phosphorylation of pp125FAK in platelets
[40]. At present it is uncertain whether the observed inhibition of
pp125FAK phosphorylation in MCs is directly caused by NO (or
cGMP) or whether it is due to an NO-induced disturbance of the
actin cytoskeleton or NO-mediated decrease of integrin-affinity.
Further studies are needed to define the cause-effect relationships
between NO and cGMP-caused inhibition of pp125FAK activation,
cell spreading and actin disorganization in MCs.
These results demonstrate that exogenous NO can interfere
with events that are involved in establishing de novo attachment of
MCs to ECM components. Dissolution of established MC-ECM
adhesion leading to MC detachment, however, is likely to be
regulated by different signaling pathways and may involve addi-
tional targets of NO action. For example, activation of pp125FAK
is a transient event occurring early in the process of cell adhesion
to ECM and is unlikely to be involved during detachment of MCs.
Using a standardized detachment assay, our results indicate that
Fig. 8. Phase contrast photomicrographs showing the effects of S-nitroso-N-acetylpenicillamine (SNAP) and 8-bromo-cGMP on mesangial cell (MC)
spreading on type I collagen. Culture dishes were coated with 10 mg/ml type I collagen and blocked with bovine serum albumin (BSA). MCs were either
incubated for 15 minutes either with 100 mM SNAP or 8-bromo-cGMP or left untreated (controls), then seeded and allowed to adhere for one hour,
photographed and coded (magnification 3200).
Fig. 9. Effects of S-nitroso-N-acetylpenicillamine (SNAP) and 8-bromo-
cGMP on tyrosine phosphorylation of pp125FAK. One hundred millimeter
culture dishes were coated with 20 mg/ml type I collagen and blocked with
BSA. Mesangial cells (MCs) were seeded and allowed to adhere for 60
minutes. Unattached MCs were aspirated. Attached MCs were washed,
lysed and immunoprecipitated with anti-pp125FAK. Lane 1 is an immuno-
precipitate from attached untreated control MCs; lane 2 from 100 mM
SNAP-treated MCs; lane 3 from 100 mM 8-bromo-cGMP-treated MCs;
lane 4 from MCs kept in suspension. (A) An immunoblot with anti-
phosphotyrosine antibody. (B) The blot was reprobed with an anti-
pp125FAK antibody after stripping. Blots shown are from one representa-
tive of three experiments with similar results.
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SNAP as well as 8-bromo-cGMP caused marked loss of MC
attachment after 12 and 24 hour incubation periods. The detach-
ing effects of SNAP and 8-bromo-cGMP were found in the
absence of significant MC cytotoxicity, as evidenced by LDH
release. Further studies are needed to differentiate the precise
effects of NO donors and 8-bromo-cGMP on signaling mecha-
nisms that are involved in the establishment, maintenance and
dissolution of MC-ECM adhesion.
What are the potential pathophysiological in vivo implications
of these observations? In certain types of human and experimen-
tal glomerulopathies, lobular disintegration of the mesangium
with MC detachment and death (so-called mesangiolysis) is
prevalent [12, 14]. Interestingly, inhibition of NO synthase and
NO formation with L-NMMA has been reported to prevent early
mesangiolysis in glomeruli of rats with anti-Thy 1.1 nephritis [12].
It is conceivable, but as yet untested, that NO-induced impair-
ment of MC adhesion to glomerular ECM (basement membrane
and mesangial matrix) contributes to the mesangiolytic events
observed in various glomerulopathies. This could involve NO-
induced loss of MC attachment in the initial phase of mesangi-
olysis as well as impairment to establish new MC-ECM adhesions
the repair phase following acute mesangiolysis. Here, prevailing
high concentrations of locally produced NO in the injured glo-
merulus might retard repopulation of the mesangium by interfer-
ing with MC migration.
In summary, our findings demonstrate that exogenous NO
inhibits establishment and maintenance of adhesion of cultured
Fig. 10. Immunocytochemistry showing the effects of SNAP and 8-bromo-cGMP on cytoskeletal organization and paxillin distribution in adherent
mesangial cells (MCs). Cells were allowed to adhere to coated type I collagen for three hours in the presence or absence of 100 mM SNAP (B and E)
or 8-bromo-cGMP (C and F); controls (A and D). MCs were then stained for a-actin (A-C) or paxillin (D-F), as described in the Methods section, and
photographed (magnification 31200).
Fig. 11. Time course of detaching effects of SNAP and 8-bromo-cGMP on
mesangial cell (MC) detachment. MCs were seeded onto 24 well culture
plates coated with type I collagen in 10% FCS-DMEM and grown until
confluence. Cells were then washed with PBS and kept in serum-free
DMEM with or without (control, E) the addition of SNAP (100 mM, )
or 8-bromo-cGMP (100 mM, f). After the indicated time periods,
non-adherent MCs in the supernatant were collected and counted.
Results are mean 6 SE of three separate experiments. *P , 0.05 versus
control.
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MCs to ECM proteins. Impairment of MC spreading, focal
contact formation and pp125FAK tyrosine phosphorylation is
involved in the inhibition of de novo MC adhesion to ECM. The
inhibitory effects of NO are predominantly due to formation and
action of cGMP. These results indicate that anti-adhesive NO
effects may contribute to phenotypic changes of MCs caused by
NO in cell culture and possibly in vivo.
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APPENDIX
Abbreviations used in this article are: anti-Thy1.1 nephritis, immune-
mediated glomerulonephritis; 8-bromo-cGMP, 8-bromoguanosine 39,59-
cyclic monophosphate; BSA, bovine serum albumin; Cy3, indocarbocya-
nine; DMEM, Dulbecco’s modified Eagle’s medium; ECL, enhanced
chemiluminescence; ECM, extracellular matrix; EHS, Engelbreth Holm
Swarm; FAK, focal adhesion kinase; FCS, fetal calf serum; GSNO,
S-nitrosoglutathione; LDH, lactate dehydrogenase; MCs, mesangial cells;
NO, nitric oxide; ODQ, 1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one;
PBS, phosphate buffered saline; pp125FAK, a focal adhesion kinase
protein that is 125 kDa cytoplasmic tyrosine kinase; SIN-1, 3-morpholin-
osydnonimine; SNAP, S-nitroso-N-acetylpenicillamine; SNP, sodium ni-
troprusside; SOD, p-nitrophenol-N-acetyl-b-D-glucosamide, superoxide
dismutase.
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